Large-scale mortality events have been observed in Pacific oyster Crassostrea gigas on the west coast of France since the early 1980s, particularly during summer. In order to understand the causes of this mortality, two generations of oysters from single-pair matings were studied in three sites on the French Atlantic coast (Baie-des-Veys, Auray and Ronce-les-Bains). The present paper examines the role of two candidate genes in the susceptibility of oysters to summer mortality, and the selective pressure exerted by such mortality on their polymorphism. Glutamine synthetase (amino-acid metabolism) and delta-9 desaturase (lipid metabolism) genes were studied in the successive generations, using polymerase chain reaction single-strand conformation polymorphism (PCR-SSCP). Observed and expected genotypic frequencies were compared. Three different alleles were detected for the glutamine synthetase gene and two for delta-9 desaturase. Allele C of glutamine synthetase seemed to be counter-selected in some second generation families. Allele B of delta-9 desaturase gene was potentially counter-selected at Auray in the families showing higher mortality, and strong selection against BB homozygotes was observed. These observations led us to conclude that any selective effect of summer mortality on allele C of glutamine synthetase gene or allele B of delta-9 desaturase gene could be mediated either directly or via linkage to other loci involved in physiological pathways affecting susceptibility.
Introduction 51 52
Coastal ecosystems have been subjected to increased anthropogenic pollution 53 (hydrocarbons, pesticides, nutrient inputs) and other environmental stressors (hypoxia, 54 temperature variations, salinity, etc) in recent decades. Some of these stressors are known to 55 induce modifications in the genetic structure of populations through differential mortality of 56 specific genotypes (Gillespie and Guttman, 1993; Moraga et al., 2002; Tanguy et al., 2002) . 57
In fact, it was recently observed that certain individuals within a population may be more 58 vulnerable than others to environmental stressors due to their specific genotypes (Ma et al., 59 2000) . Overall levels of genetic variability can therefore become altered as allele frequencies 60 change (Bickham et al., 2000) , which has been observed for enzymatic polymorphisms, 61 extensively studied in marine organisms exposed to contaminants (Moraga and Tanguy, 2000; 62 Moraga et al., 2002; Marchand et al., 2003; Yap et al., 2004) . By studying genetic 63
PCR-SSCP analysis 150
Exon 6 of the glutamine synthetase gene (GenBank accession no. CB617403) was 151 amplified using the forward primer P1 (5'-CTTGCTCTTTTTTTCAGACACATAGA-3') and 152 the reverse primer P2 (5'-GCATTCATCCAGACAGGTAGTCCTTATGAG-3'). A fragment 153 of the delta-9 desaturase gene (GenBank accession no. CX069227) was amplified using the 154 forward primer P3 (5'-TACTGTCTTCTGCTAAACGCCAC-3') and the reverse primer P4 155 (5'-GTCGTGATATTGAGGTGCCAGCC-3'). All PCR amplification was performed in 25 156 µL reactions containing 1X Taq polymerase buffer, 2 mM MgCl 2 , 40 µM deoxynucleotides 157 (dNTPs), 10 pmol of each primer, 0.5 units of Taq Uptitherm DNA polymerase (Interchim, 158 Montluçon, France) and about 100 ng of total genomic DNA. After an initial pre-cycle 159 (denaturation 5 min at 94°C, primer hybridisation 2 min at 55°C, elongation 1 min 30s at 160 72°C), 35 amplification cycles were performed as follows: 20s at 94°C, 40s at 55°C, 1 min 161 30s at 72°C, with a final elongation 10 min at 72°C. The PCR products were then combined 162 with 20 µL of loading buffer (bromophenol blue, xylen cyanol, saccharose), heated for 5 min 163 to 94°C, then rapidly chilled on ice to melt and retain single strand DNA. After loading on a 164 neutral 8% polyacrylamide gel (37.5:1, acrylamide: bisacrylamide), the samples were 165 electrophoresed at constant voltage (120V) in 0.6X TBE buffer, for 15h at 10°C. After 166 electrophoresis, the gels were stained with ethidium bromide and visualised under ultraviolet 167 light. Single strand DNA bands from the PCR products on the gel corresponding to different 168 conformation types were gel-purified by diffusion into water frozen at -20°C. The same PCR-169 amplification conditions used for SSCP analysis were also used to recover double strand 170 DNA. PCR products were then purified using a Qiaex II gel extraction kit (Qiagen, 171 Courtaboeuf, France) and cloned into pGEM-T vectors (Promega, Madison, WI, USA). White 172 colonies were grown in LB medium with 100 mg/l ampicillin and the vector was extracted 173 using an alkaline lysis plasmid minipreparation. The inserts were sequenced using a Li-COR9 IR² (Sciencetech Inc., London, Ontario, Canada) and Thermo Sequenase Primer Cycle 175
Sequencing Kit (Amersham Bioscience, Uppsala, Sweden). 176
177

Statistical analysis 178
For G1 families observed genotypic frequencies were compared to expected 179
Mendelian genotypic frequencies using χ 2 conformity tests implemented with Statistica 180 software (Statsoft). Yates' corrections were made when expected sample sizes ranged from 2 181 to 5 individuals. Because expected genotypic frequencies could not be estimated for the multi-182 parental G2 batches, we compared genotypic frequencies at Auray and Ronce-les-Bains with 183 those at Baie-des-Veys, where mortality rates were much lower, using contingency table  184 analysis. The standard Bonferroni technique (Lessios, 1992) was used to adjust the 185 significance levels of multiple tests: the predetermined significance level, α, was divided by 186 the number of tests, k, to obtain α' the corrected significance level (α' = α/k where α =0.05, 187 k=number of tests carried out). A multiple correspondence analysis was made on the whole 188 data set using the ADE-4 software package (Chessel et al., 1995) Table 2 . Homozygotes BB and CC, and heterozygotes AB, AC and BC 199 could be clearly scored (Fig. 4) . The genotype frequency distributions in the different 200 generations, families/batches and locations are presented in Tables 3 (G1) and 4 (G2) with 201 their respective χ 2 values for tests of significant deviations from expectations. G1 families did 202 not show significant differences between observed and expected genotype frequencies based 203 on Mendelian segregation (Table 3 , Fig. 5a,b) . In the second generation, we compared 204 observed genotypic frequencies at Auray and Ronce-les-Bains sites, where higher mortality 205 rates were observed, with frequencies at Baie-des-Veys, where mortality was lower as the 206 expected values (Table 4 , Fig. 5c,d ,e). We observed significant differences in batch Z but not 207 in the other batches. In batch Z, the frequency of allele C was lower at Auray and Ronce-les-208
Bains compared to Baie-des-Veys, and even reduced to zero at Ronce-les-Bains. 209
We also pooled the different G2 batches together and compared the allele frequencies 210 of the three sites to see if there was any overall "site effect". This analysis revealed significant 211 differences between Auray and Baie-des-Veys genotypic frequencies (χ 2 =17.59; p=0.0005; 212 α'=0.013; 3 df) and between Ronce-les-Bains and Baie-des-Veys genotypic frequencies 213 (χ 2 =18.12; p=0.0004; α'=0.013; 3 df). 214
The sequences of the different alleles of glutamine synthetase exon 6, characterized by 215 SSCP, revealed that the sequence of allele A differs from the sequences of the other 2 alleles 216 by 2 nucleotide sequence mutations (amino acids 343 and 345), and one of these results in 217 mutation of the corresponding amino acid. The amino acid cystein (amino acid 343) is 218 replaced by arginin. The nucleotide sequence of allele C revealed 2 mutations compared with 219 the other 2 alleles, but these modifications are synonymous (amino acids 338 and 339). 220 221 Delta-9 desaturase gene polymorphism 222 PCR-SSCP performed on a coding fragment of the delta-9 desaturase gene allowed us 223 to characterize 2 different alleles which we named A and B (Fig. 6) . Distribution of observed 224 11 genotypes of the G0 parents is represented in (Table 5 ; Fig. 7a,b) . We had previously analysed polymorphism of the delta-9 230 desaturase gene in family F7-25 before field placement in the 3 sites and found no deviation 231 of observed genotypic frequencies from expectations (χ 2 = 0.02; p=0.89; α'=0.025; 1 df, data 232 not shown). 233
In the second generation, we compared observed genotypic frequencies at Auray and 234
Ronce-les-Bains with those at Baie-des-Veys as the expected. We observed significant 235 differences between Auray and Baie-des-Veys in both batch Z and batch J (Table 6 ; Fig.  236 7c,d,e). No significant differences were observed for the other batches or sites. Bonferroni 237 adjustement removed the significant result for batch Z. We considered it with caution but we 238 did not reject it as the p-value was close to the significance level (p=0.02; α=0.05; α'=0.013). 239
We also observed a significant decrease in the frequency of allele B at the Auray site 240 in family F7-25 (G1, Table 5 , Fig. 7b ) and batch Z (G2, Table 6 , Fig. 7c ). Moreover, no BB 241 homozygotes were observed in batch Z at any site (Table 6 ). However, in batch J at the Auray 242 site, we observed a greater number of individuals carrying allele B compared to Baie-des-243 Veys ( 
Multiple correspondence analysis between genotypes at the two loci 255
The multiple correspondence analysis performed on the whole dataset did not reveal 256 any significant relationship between individuals carrying glutamine synthetase allele C and 257 individuals carrying delta-9 desaturase allele B (Fig. 8 ). This means that individuals carrying 258 glutamine synthetase allele C are not likely to carry delta-9 desaturase allele B. However, 259 individuals that were homozygous for the B allele of glutamine synthetase were more 260 frequently homozygous at the delta-9 desaturase locus also. 261
262
Discussion 263
264
The aim of this study was to investigate whether survival of C. gigas was associated 265 with specific genetic markers, by comparing allelic frequencies in (1) families through three 266 generations and (2) three environmentally different culture sites. 267
Among methods available to detect polymorphism in DNA sequences, we chose the SSCP 268 approach to detect polymorphism in the coding sequences of the two genes: glutamine 269 synthetase and delta-9 desaturase. We observed deviations from expected Mendelian 270 frequencies after mortality, and differences in genotypic frequencies between sites 271 characterized by high or low summer mortality in some G1 families and/or G2 batches. 272
Several hypotheses could explain these results. Deviations in allele frequencies may be 273 explained by a number of factors, particularly migration, mutation, null alleles, or selection. 274 13 Our experimental design eliminated migration. Mutation and null alleles can be eliminated 275 also, because these events are very rare between two successive generations. This leaves only 276 selection as a viable explanation for our results. We analysed polymorphism in family F7-25 277 before mortality and did not observe any deviation from Mendelian expectations. This 278 observation led us to dismiss segregation distortion due to fitness differences at earlier stages. 279
Expected Mendelian frequencies could not be calculated for G2 offspring because many 280 parents (in variable ratios of female and male) were used from each G1 family to produce the 281 G2 and the exact genotypes of each parental individual and their relative contributions to the 282 batch are unknown. For the G2 batches, comparing high mortality sites with a low mortality 283 site allowed us to see how well observed differences in allele frequencies corresponded to 284 differences in mortality assuming only that the allele frequencies were identical at all sites 285 when the batches were planted. 286
287
In this work, we chose two genes involved in essential physiological pathways and 288 known to be regulated by a number of environmental parameters. The metabolic functions in 289 which they are involved (nitrogen metabolism, glutamine synthesis and lipid metabolism) are 290 relevant here because of the role of physiological status in susceptibility to summer mortality. 291
With SSCP profiles, we detected three different alleles in exon 6 of the glutamine synthetase 292 gene and analysis of allele segregation in the G1 before field placement showed that observed 293 frequencies did not differ from Mendelian expectations. However, in G2, we observed a 294 strong decrease in the frequency of allele C in the Z batch at Auray and Ronce-les-Bains. The 295 frequencies of AC heterozygotes in both sites and of BC in Ronce-les-Bains fell to 0 296 suggesting strong selection against allele C in the heterozygous condition. Pooling the 297 different batches together and testing for site effects in the second generation, we observed 298 significant differences between observed genotypic frequencies of the glutamine synthetase 299 gene at Baie-des-Veys and the 2 other sites. However, the fact that the differences in G2 were 300 only observed for the Z batch and not for the two other batches also indicates an important 301 "family" effect. The differences in counter-selection against heterozygotes among families 302 may be related to the effects of other genes linked to the locus we studied. In any case, it 303 appears that there may be a kind of indirect selection acting on the C allele possibly involving 304 selection on other linked genes, as suggested by the absence of selection against the C allele 305 in G1 and by the fact that allele C sequencing revealed only synonymous mutations. 306
Alternatively, the variation in genotypic frequencies may not be associated with selection 307 exerted by summer mortality but could be the consequence of a family effect. 308
309
The SSCP method also detected 2 different alleles of the coding fragment of delta-9 310 desaturase. Genotype frequencies followed Mendelian expectations in the G1 generation 311 except in family F7-25 at Auray, where AB heterozygotes were less frequent than expected. A 312 similar but non-significant trend was observed in Ronce-les-Bains for the same family. In the 313 G2 generation, differences were found in observed frequencies between Auray and Baie-des-314
Veys. In the Z batch, AB heterozygotes were significantly less represented in Auray. A 315 complete absence of homozygote BB in the Z batch at any site strongly suggests selection 316 against this genotype. One possible explanation is that the B allele is deleterious, particularly 317 in the homozygous state. When comparing AB heterozygote frequency and associated 318 mortality in the three sites for G1 families F7-25 and F4-16, we observed a clear relationship 319 between decreasing heterozygosity and increasing mortality rate in both families, with a 320 stronger effect in family F7-25. In G2 batches J, Z and L, we also observed that AB frequency 321 decreased where mortality rates were above 50% (batches Z and L in Auray). This tendency 322 seems to suggest that heterozygotes carrying allele B were selected against in the most 323 susceptible families. Furthermore, batch J showed significantly more AB heterozygotes in 324
Auray than in Baie-des-Veys, which could be explained by the fact that mortality was higher 325 in Baie-des-Veys than in Auray for this batch. In the case of delta-9 desaturase, family effect 326 seems to be more important than site effect, as no significant differences of observed 327 frequencies were obtained among sites considering all the batches of the second generation 328 together. 329
For both genes, heterozygotes seem to be selected against in families showing high 330 mortality. This result is at odds with the common observation of heterozygote advantage in 331 fitness-related traits (Zouros, 1987) . Heterozygotes have been frequently reported to use less 332 energy for their metabolism than homozygotes, thus increasing their tolerance to 333 environmental stressors (Hawkins et al., 1989; Holley and Foltz, 1987) . In bivalves, David 334
and Jarne (1997) found that heterozygosity at 9 allozyme loci was associated with higher 335 viability. Heterozygote advantage has also been described in relation to enhanced growth rates 336 in clams (Gentili and Beaumont, 1988; Scott and Koehn, 1990) . Volckaert and Zouros (1989) 337 also developed a model based on allozyme studies assuming that energy savings attributed to 338 heterozygosity are used to maximize fitness. Nevertheless, it has been shown in many marine 339 species that environmental conditions can select for certain alleles in particular and also 340 decrease heterozygosity at some allozyme loci in populations exposed to pollutants, e.g. in 341
Idotea baltica (De Nicola et al., 1992) . 342
343
The multiple correspondence analysis performed on the entire data set revealed no 344 association between glutamine synthetase genotypes containing allele C and delta-9 345 desaturase genotypes containing allele B. Individuals carrying glutamine synthetase allele C 346 do not systematically carry delta-9 desaturase allele B. This suggests that there is no linkage 347 between these two genes. However, each gene considered separately could be linked to 348 another nearby gene or locus. Sequence analysis of the 3 glutamine synthetase alleles and the 349 16 2 delta-9 desaturase alleles revealed synonymous mutations in allele C and allele B of these 350 genes respectively, compared with the other alleles. The mutations observed in the nucleotide 351 sequence of these alleles could be linked to mutations elsewhere in the coding sequence of 352 these genes or in other linked genes through a hitch-hiking effect (Maynard Smith and Haigh, 353 1974; Kim and Stephan 2000; Barton, 2000) . We analysed the polymorphism of exon 6 of the 354 glutamine synthetase gene because this exon that showed the highest rate of polymorphism in 355 preliminary analyses. The same arguments may also apply to the delta-9 desaturase gene as 356
we have only studied a fragment of the gene. However, a completely different hypothesis 357 which may explain our results is that no direct selection occurred on the glutamine synthetase 358 and delta-9 desaturase loci, but that changes in genotypic frequencies result from a family 359 effect acting during summer mortality. The absence of large differences in the first generation 360 supports this hypothesis and Dégremont et al. (2005) showed that close to 50% of variation in 361 juvenile oyster survival could be explained by family differences. This family effect on allelic 362 frequencies may be explained at biological level by potential links between the loci we 363 studied and other genes located elsewhere in the oysters genome. Epistatic interactions could 364 be a hypothesis. Family effect we observed on genotypic frequencies could then be a 365 consequence of interactions between glutamine synthetase or delta-9 desaturase alleles and 366 genetic background exerting influence on them. with that of delta-9 desaturase. However, allozyme polymorphism at different loci has been 379 examines to test for a possible association with survival in molluscs exposed to various 380 contaminants. In C. gigas, 6 alleles and 5 genotypes at 3 loci (Ak, Pgi and Pgm) were 381 identified as markers of resistance or sensitivity to herbicide stress and differential survival 382 (Moraga and Tanguy, 2000) . Three allozyme loci (Aat-2, Ak and Pgm) were also shown 383 differ in frequency between C. gigas populations that were resistant or susceptible to TBT 384 (Tanguy et al., 1999) , and SSCP markers developed for C. gigas metallothionein genes also 385 showed a correlation between allele frequencies and resistance to heavy metals (Tanguy et al., 386 2002) . In the present study, no relationship was observed between mortality rates and 387 chemical characteristics of three field sites. This observation suggests that environmental 388 pollutants do not directly contribute to summer mortality at these sites or to the differences 389 among them in allele frequencies. If there is some selection against glutamine synthetase 390 allele C and delta-9 desaturase allele B, it may therefore not be due to sensitivity to pollutants. 391
Focusing on the causes of mass mortality, Tremblay et al. (1998) studied 4 enzyme alleles in 392 mussels undergoing mass summer mortality, but did not observe any differences in allele 393 frequencies between susceptible and resistant stocks or between one and two-year-old 394 individuals, despite differences in heterozygosity. Xiao et al. (2005) used RAPD markers to 395 investigate the role of genetic factors on scallop mortality in China. They observed reduced 396 genetic diversity in cultured stocks that could result in increased susceptibility to stress 397 leading to increased mortality. 398 18 399 To conclude, this study has provided new genetic markers, which are in some cases 400 associated with susceptibility to summer mortality in Pacific oyster Crassostrea gigas, 401 depending on environmental factors and genetic background. Indeed, allele C of glutamine 402 synthetase exon 6 and allele B of a coding fragment of delta-9 desaturase gene were less 403 frequent in families and sites showing the highest mortality rates, with a stronger family effect 404 than site effect. If there is selection, this seems to occur on other genes or loci to which the 405 studied genes may be linked. Following the genotypic frequencies of the same genes in a third 406 generation could allow us to verify these results. Frequencies of the 2 counter-selected alleles 407 will also be studied in natural populations of C. gigas submitted to various environmental 408 stresses in the field in order to obtain complementary results. Finally, other candidate genes 409 involved in other physiological functions are currently being examined for genetic 410 polymorphism in the same families, so as to add depth to the initial exploration described 411 properties, and mechanism of inhibition by carbamyl phosphate. J. Biol. Chem. 17, 5312-533
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